Salmonella invasion is mediated by a concerted action of the Salmonella pathogenicity island 4 (SPI4)-encoded type one secretion system (T1SS) and the SPI1-encoded type three secretion system (T3SS-1). The SPI4-encoded T1SS establishes the first contact to the host membrane. It consists of five proteins (SiiABCDF) that secrete the giant adhesin SiiE. The exact mechanism by which the T1SS enables host cell recognition remains unclear. Here, we investigated structure-function relationships in SiiA, a non-canonical T1SS subunit located at the inner membrane (IM). We observe that SiiA consists of a membrane domain, an intrinsically disordered periplasmic linker region and a folded globular periplasmic domain Overall, SiiA displays many properties previously observed in MotB. However, whereas the MotAB complex uses the proton motif force (PMF) to energize the bacterial flagellum, it remains to be shown how the use of the PMF by SiiAB assists T1SS function and ultimately Salmonella invasion.
Introduction
Salmonella enterica are facultative anaerobe, Gram-negative, pathogenic bacteria that infect a wide range of hosts [1] . Infections of humans by typhoidal and nontyphoidal S. enterica serovars are responsible for a pleiotropy of medical conditions including intestinal inflammation and typhoid fever [2, 3] . For successful infection of polarized epithelial cells, a concerted action between the Salmonella pathogenicity island 4 (SPI4)-encoded type one secretion system (T1SS) and the SPI1-encoded type three secretion system (T3SS-1) is required [1, 4] . While the SPI4-T1SS establishes adhesion to the apical side of polarized epithelial cells by action of SiiE [1] , the T3SS-1 mediates invasion by translocating various effector molecules (reviewed in [5] ). Lack of SPI4-T1SS mediated adhesion also dramatically attenuates invasion of polarized epithelial cells by S. enterica serovar Typhimurium (S. Typhimurium) [4] .
We have shown that SPI4 of S. Typhimurium harbours the sii operon encoding six proteins, namely SiiA to SiiF (SiiABCDEF) [6] . The three proteins SiiCDF form a canonical T1SS, i.e. SiiC corresponds to the outer membrane (OM) pore protein, SiiD to the periplasmic adapter protein and SiiF to the inner membrane (IM) ATP-binding cassette (ABC) protein. T1SS often secrete only a single protein, and the substrate of the SPI4-encoded T1SS corresponds to the largest protein present in the Salmonella proteome, namely the 595 kDa adhesin SiiE [6] [7] [8] [9] . In contrast to all previous proteins, the function of the two remaining proteins SiiA and SiiB is currently only poorly understood.
It has been shown that SiiA and SiiB are integral membrane proteins that form a complex within the IM [10] . Detailed experimental data showed that the transmembrane regions of the SiiAB complex share similarities in sequence and in the topological arrangement of the membrane-spanning segments with a number of heteromeric ionconducting channels, such as the MotAB, PomAB, ExbBD and TolQR complexes [10] . A critical aspartate residue (Asp13) in SiiA has been proposed to be located at a position homologous to Asp33 in MotB (from S. enterica), Asp24 in PomB (from Vibrio alginolyticus), Asp25 in ExbD and Asp23 in TolR (both from E. coli) [10] [11] [12] [13] [14] . ExbBD together with TonB transduce energy from the proton motive force (PMF) of the IM to highaffinity OM ion transporters [15] . MotAB, PomAB and TolQR are involved in coupling the PMF to specific protein actions at the IM. Thus, MotA and MotB (or likewise PomA and PomB) form a heteromeric complex with a 4 to 2 stoichiometry at the IM and participate in the torque generation of the flagellum of Gram-negative bacteria [12, 16] . Once activated by -3 -interaction with the C-ring of the flagellum, the complex fixes the flagellum in the membrane through the interaction of the MotB or PomB peptidoglycan (PG)-binding domain with the PG layer [16] . Torque is generated by translocating either H + or Na + across the IM, and the above-mentioned aspartate residues are predicted to be directly implicated in the translocation mechanism [10, 11] . The exact function of TolR is currently less well understood; overall, the Tol-Pal system plays a role in assuring the integrity of the OM [17] .
The SiiA structure possibly matches the protein architecture of MotB, PomB and TolR.
In the 309 residue-long MotB from S. Typhimurium this architecture consists of a transmembrane helix (aa 29-50), a plug helix (aa [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] , and a C-terminal segment named 'periplasmic region essential for mobility' (PEM, aa 111-270) that also contains an OmpAlike PG-binding domain (aa 149-269) [18] [19] [20] [21] . The PG-binding domain enables interaction with the PG layer in Gram-negative bacteria. This layer consists of a mesh-like structure made up of glycan strands interconnected by short peptides. The glycan strands are built from multiple molecules of N-acetylglucosamine and N-acetylmuramic acid carbohydrate molecules linked by β-1,4 glyosidic bonds. The peptide stem is a pentapeptide made up of L-
Ala-D-iso-Glu-meso-A 2 pm-D-Ala-D-Ala, with iso-Glu being the γ-bonded Glu and meso-
A 2 pm is the meso-2,6-diaminopimelic acid [22] .
OmpA-like PG-binding domains occur in many proteins. They harbour a PG-binding sequence motif, i.e. TD-X 10 -LS-X 2 -RA-X 2-V-X 3 -L, that is highly conserved in proteins from
Gram-negative bacteria involved in PG binding, such as OmpA, MotB, PomB and PALs (PG-associated lipoproteins) [20] . Atomic insight into the structures of the OmpA-like PGbinding domain is available from many proteins; insight into the details of the interaction between PG-binding domains and PG fragments is however scarce. Positive exceptions are the crystal structure of the PG-binding domain of OmpA from Acinetobacter baumannii (A. baumannii) in complex with meso-A 2 pm-containing PG-derived pentapeptide as well as the NMR structure of the PG-binding domain of Pal from Haemophilus influenza in complex with a PG precursor [23, 24] . Although the individual functions of proteins containing PGbinding domains are as diverse as forming OM pores, involved in antibiotic and small molecules export (OmpA), or generating torque for propelling the flagellum (MotB, PomB), they all share a common domain core fold with a β1/α1/β2/α2/β3/β4 secondary structure topology [19, 25] .
Here, we analysed the structure and function of SiiA from S. Typhimurium. The recombinantly produced periplasmic region of SiiA (ppr-SiiA, aa 40-210) was studied using -4 -structure predictions, limited proteolysis, mass spectrometry and circular dichroism (CD). 
Results

Domain architecture of SiiA
Weak sequence homologies were detected between the transmembrane regions of the SiiAB proteins and MotAB, ExbBD, and TolQR, whereas no sequence homologies were initially observed for the remaining regions of SiiA and SiiB [10] . In order to gain predictive insight into the entire structure of 210 residue-long SiiA, its sequence was analysed with program XtalPred [26] . This bioinformatics analysis suggests that SiiA consists of a transmembrane (TM) helix (residues 14-38), a disordered and unfolded linker (aa 51-92) and a C-terminal globular domain that extends from residues 93 to 210.
Ppr-SiiA was purified from E. coli in order to experimentally validate the predicted domain architecture. When subjecting purified ppr-SiiA to a limited proteolysis experiment with the unspecific protease thermolysin then a single stable fragment of about 12 kDa is readily formed (Fig. 1a) . Such a behaviour is commonly observed for proteins that consist of a folded globular domain from which disordered segments extend. Access of these segments by proteases is facilitated; hence, these segments are especially prone to proteolytic degradation (see for example [27] ). We named the protease-resistant 12 kDa fragment: SiiA periplasmic domain (SiiA-PD). Its composition was analysed by mass spectrometry, and analysis of peptides obtained through tryptic digestion reveals multiple sequence coverage for
SiiA residues 104 to 206 (Fig. S1a) . Please note that this analysis does not allow for the unambiguous determination of the exact starting and ending residue of the protease-generated
SiiA-PD fragment.
CD spectroscopy measurements were performed, and the secondary structure composition of ppr-SiiA and of SiiA-PD compared. The CD spectra show that both protein -5 -variants display spectra corresponding to folded proteins with mixed secondary structure elements (Fig. 1b) . Differences in the secondary structure composition become apparent when calculating a difference CD spectrum in which the CD signal of SiiA-PD is subtracted from ppr-SiiA (Fig. 1c) . The difference spectrum corresponds to the CD spectrum of an unfolded protein devoid of any secondary structure elements. This indicates that segments that are not part of SiiA-PD, but present in addition in ppr-SiiA, are likely disordered in solution. This is in line with the observation that both protein variants display nearly identical melting temperatures (T M ) (Table S1 ). While SiiA-PD unfolds at 79°C, the entire periplasmic region of SiiA unfolds at 78°C showing that segments that are present in addition in ppr-SiiA do not provide any further stabilizing interactions in SiiA.
SiiA-PD and ppr-SiiA elute both as dimers in an analytical size exclusion chromatography run (Fig. S1b , Table S2 ). Hence, the supplemental protein segments present in ppr-SiiA do not alter the oligomerisation state of ppr-SiiA. The experiments from above show that, following the membrane domain (SiiA-MD, aa 1-39), SiiA consists of an unstructured periplasmic linker region (SiiA-LR) and a dimeric periplasmic domain (SiiA-PD) (Fig 1d) .
Crystal structure of SiiA-PD
We determined the crystal structure of SiiA-PD at 1.9 Å with the MAD method using SeMet-labelled protein (Table 1) . Six molecules are present in the asymmetric unit and form three identical dimers. The terminal residues 103 and 203 are visible in all six monomers, and up to three additional C-terminal residues visible in some of the molecules. Absence of electron density for residues in the loop segment that interconnects the secondary structure elements β2 and α2 (aas 153 to 156) leads to a chain break in three monomers. When calculating an anomalous difference density map with phases derived from the refined structure then electron density is observed for all methionines present in the asymmetric unit (Table S3) conserved among all three dimers present in the asymmetric unit (Table S5 ).
The SiiA-PD monomer structure displays a central β-sheet, consisting of 5 β-strands with mixed parallel and antiparallel strand pairing and with a β0, β1, β4, β2, β3 strand order (Fig. 2a) . On one side, the β-sheet is flanked by two α-helices (α1, α2). These interconnect strands β1 and β2 (helix α1) and strands β2 and β3 (α2) (Fig. 2b) . Homodimer formation is accomplished through an antiparallel edge to edge pairing of β3 from two adjacent SiiA molecules and results in the formation of a contiguous 10-stranded β-sheet (Fig. 2c) . Overall, the SiiA-PD dimer displays nearly C 2 point group symmetry with the 2-fold symmetry axis oriented perpendicular to the plane of the contiguous β-sheet. Next to β3, helix α2 also participates in the dimer interface and makes ample contacts with the homologous helix α2 from the second protomer. As shown in Fig. 2c , dimerization leads to the formation of a molecular surface that displays four α-helices and a surface which is composed of β-strands, only. Each monomer buries 780 Å 2 of its surface in the dimer interface, and this amounts to about 12 % of the total monomer surface. Eleven hydrogen bonds and two salt bridges are formed between the two monomers in the dimer interface. The presence of a high number of additional hydrophobic interactions suggests that the SiiA-PD dimer constitutes a permanent dimer [28] . These results confirm earlier data where stable homodimer formation of full length SiiA was demonstrated using bacterial two hybrid assays [10] . Hence, it appears highly unlikely that transient self-association and re-dissociation events contribute to the cellular function of SiiA in Salmonella.
SiiA-PD shares structural homology to numerous PG-binding proteins
The monomer structure of SiiA-PD was used as a search template to identify homologous structures with the DALI server [29] . This search revealed that SiiA shares structural homology with numerous OmpA-like PG-binding proteins ( Table 2 ). Several of the identified proteins were superimposed onto SiiA using the MatchMaker program in Chimera -7 - (Fig. 3, Fig. S2 ) [30, 31] . All of these OmpA-like domains share a common core of secondary structure elements with a β1/α1/β2/α2/β3/β4 topology. Depending on the protein, additional secondary structure elements also occur. Thus, SiiA-PD harbours an additional strand β0 at the N-terminus (Fig. 2a) . OmpA from S. Typhimurium (PDB-ID: 5VES, [32] ) and A. baumanii (PDB-ID: 3TD5) display an additional α3 helix present between β-strands β3
and β4 (Fig. 3) . MotB from S. Typhimurium (PDB-ID: 2ZOV) harbors additional α0 and β0 secondary elements at the N-terminus as well as an additional α3 helix at the C-terminus (Fig.   3 ). De Mot and Vanderleyden [20] analysed the sequence of various OmpA-like domains and identified a so-called PG-binding motif with the sequence TD-X 10 -LS-X 2 -RA-X 2 -V-X 3 -L. Whereas almost all of the proteins identified by the DALI server share most of the amino acids present in this motif, SiiA harbours only a very reduced PG-binding motif restricted to the sequence L-X 3 -R (Fig. 4a,b) . The general motif spans from the end of strand β2 to the middle of α2 in the canonical OmpA-like domain fold (Fig. 4c ). The two residues Leu163
and Arg167 from the reduced L-X 3 -R motif are displayed from the first half of helix α2 in SiiA (Fig. 4c) . It is notable that, even though only a very low sequence homology exists between SiiA and OmpA-like domains from other proteins, i.e. ranging from 6 -13 %, the overall structures of these proteins remain very similar (Fig. 4d , Table 2 ).
SiiA-PD binds to peptidoglycan in vitro
SiiA-PD shares a high structural similarity with OmpA-like PG-binding domains, but, at the same time, displays a poorly conserved PG-binding motif. We used a PG pulldown assay in order to assess whether SiiA-PD actually binds to PG isolates from S. Typhimurium.
For comparison and as a control, we also monitored binding of MotB-PD from S. Typhimurium to PG (residues 99 to 276 of MotB, fragment identical to that in PDB-ID:
2ZVY [19] ). The binding behavior of the latter has been extensively studied before (for a recent review see [21] ).
We observe that SiiA-PD is able to bind PG, albeit in a highly pH-dependent manner.
SiiA binds to PG in a potassium phosphate-based buffer at a weak acidic pH, i.e. 5.8, whereas no binding is observed at a weak basic pH, i.e. then a rapid release of PG-bound SiiA-PD into the supernatant can be observed (Fig. 5d ).
In order to rule out that co-sedimentation of PG and SiiA-PD is caused by a pH-induced denaturation and precipitation of SiiA-PD, we investigated the stability and solubility of SiiA-PD (and MotB-PD) at pH 5.8 and 8.0 using CD spectroscopy. Over the whole pH range, both proteins show well-defined CD spectra ( Table S1 ).
These results show that the observed structural similarities between SiiA-PD and MotB-PD are paralleled by a shared function, namely the ability to bind to PG. However, the two proteins display considerably different pH-dependent affinity profiles.
Arg162 and Arg167 participate in PG binding
An arginine residue, structurally homologous to Arg167 from the reduced PG-binding motif of SiiA, has been observed to directly participate in PG binding before. Thus, in the crystal structure of the complex formed between the PG-binding domain of OmpA from
A. baumannii and a PG-derived pentapeptide, the guanidinium group of Arg286 of OmpA directly interacts with the carboxylate group of the meso-A 2 pm moiety of the bound PG--9 -derived pentapeptide fragment (PDB-entry 3TD5, [23] ). A highly similar interaction also occurs in the complex formed between the PG-binding domain of Pal and a PG precursor [24] .
We produced two different mutants, namely SiiA-R167L and SiiA-S197E, in order to probe any participation of Arg167 in PG binding in SiiA. The scope of the R167L substitution was to ablate the guanidinium head group of the amino acid and, at the same time, retain the hydrophobic interactions observed between the aliphatic part of Arg167 and the SiiA protein core. The goal of the S197E substitution was to shield off the guanidinium group of Arg167 without perturbing the numerous intra-protein interactions that Arg167 is involved in. The mutant proteins display CD spectra that are indistinguishable from WT SiiA.
In comparison to the latter, they show either an increased (R167L) or comparable (S197E) melting temperature. This suggests that the two point mutations do not negatively affect the structural integrity of SiiA-PD ( Fig. S4c,d , Table S1 ). In the PG-binding assay, the two mutants share a very similar PG-binding profile. As previously observed for WT SiiA, the variants do not bind to PG at pH of 8.0. At the same time, they display a reduced PG-binding ability at pH 5.8 in comparison to WT SiiA (Fig. 5, Fig. S3 ). These observations strongly hint that, similar to OmpA and Pal, Arg167 represents a PG-binding determinant in SiiA.
We also tested the contribution of Arg162 to PG binding und produced the mutant variant SiiA-R162A. Arg162 is a non-conserved residue that is contained within the segment that covers the extended PG-binding motif [20] . Arg162 and Arg167 are both part of helix α2
with the former residue being located closer to the dimerization interface (Fig. 2c, Fig. 4c ).
Interestingly, an alanine substitution of Arg162 completely abolishes PG binding at both pH 5.8 and pH 8.0 (Fig. 5, Fig. S3 ). Thus, it appears that the substitution of Arg162 impairs PG binding more drastically than the substitution or shielding of Arg167. To confirm that mutation of Arg162 did not impair the structural integrity of SiiA, we investigated the mutant protein with analytical SEC and CD spectroscopy. These experiments show that dimerization of SiiA is retained in SiiA-R162A (Fig. S1 ) and that SiiA-R162A displays a CD spectrum and melting temperature that is similar to the WT protein (Fig. S4b , Table S1 ).
It is possible that Arg162 contributes indirectly to PG binding, namely through longrange electrostatic interactions. Indeed, when viewing SiiA from the side from which Arg162 is displayed then a surface patch with a striking positive electrostatic potential becomes apparent. In contrast to this, the opposite side displays an extended patch of negative electrostatic potential (Fig. 6a) . If the two Arg162 residues present in the dimer are mutated in silico to alanine then this positive patch displays a neutral to negative potential in support of the possibility that Arg162 contributes to PG binding through electrostatic effects (Fig.   6b ).
A co-isolation of either WT SiiA or mutant variant SiiA-R162A in complex with PG directly from S. Typhimurium further corroborates the involvement of Arg162 in PG binding.
The co-isolation experiment shows that the amount of co-isolated SiiA-R162A is reduced by a factor of two in comparison to WT SiiA when analysed with an antibody directed against the HA-Tag contained in either WT SiiA or the mutant variant (Fig. 7) . At the same time,
antibody staining against OmpA indicates that in both co-isolated samples similar amounts of PG material are present (Table S6 ). Taken together, these results show that SiiA binds to PG with the help of two arginine residues. Of the two arginines, Arg 162 and Arg167, Arg162
contributes more significantly to PG binding.
A substitution of Arg162 reduces the Salmonella invasion of polarized epithelial cells
Previous studies demonstrated that the concerted actions of SiiE, the cognate T1SS and
SiiAB are required to mediate adhesion to, and invasion of polarized epithelial cells [4, 6] .
Mutant strains deficient in siiA are highly attenuated in invasion of polarized epithelial cells [10] . We therefore set out to investigate if the PG-binding domain of SiiA is also important for the overall function of the SPI4-encoded T1SS. First, a mutational analysis was performed by C-terminal truncations or internal deletions to various extents of the PGbinding domain. We observed that the cellular amounts of the resulting mutant forms of SiiA were highly reduced, thus impeding further functional analyses (data not shown).
We investigated next whether a substitution of individual amino acids affects invasion of polarized epithelial cells. In order to identify candidate residues, in addition to R162A, R167L and S197E, we superimposed the structure of SiiA onto the structure of OmpA in complex with a PG fragment (PDB-entry 3TD5, [23] ) and considered all SiiA residues that were located within 5 Å of the OmpA-bound ligand as potential substitution candidates.
We performed site-directed mutagenesis of siiA and generated R120A, R159A, R162A, L163A, R167L and S197E variant alleles. The synthesis of WT and mutant forms of SiiA was analysed in total cell lysates of S. Typhimurium strains. We observed that, while the cellular amounts of SiiA mutants D159A, L163A and R167L were highly reduced, the amounts of SiiA variants R120A, R162A and S197E were comparable to the levels of WT SiiA (Fig. 8a ).
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We compared phenotypes of a siiA deletion strains harbouring plasmids for the production of WT SiiA and SiiA mutants and studied the effect of aa exchanges in SiiA on invasion of polarized cells (Fig. 8b) . SiiA-R120A and SiiA-S197E restored invasion similar to WT SiiA. SiiA-D159A, SiiA-R162A, SiiA-L163A and SiiE-R167L did not restore invasion and entry levels were comparable to a strain harbouring the empty vector. However, since the cellular amounts of SiiA-D159A, SiiA-L163A and SiiE-R167L were highly reduced, it is not possible to estimate the contribution of the mutated residues to SiiA function.
In contrast, SiiA-R120A, SiiA-R162A, and SiiA-S197E levels were not decreased compared to WT SiiA. Of these three mutants, only the mutant R162A showed reduced invasion. Thus, we conclude that residue Arg162 is critical for the function of SiiA, while amino acid exchanges R120A and S197E are compatible with SiiA function. It is interesting to note that substitution of Arg162 leads to both an abolishment of PG binding and a reduction of the invasion efficacy, whereas substitution of S197E causes only a reduction of the PG-binding affinity.
Transmembrane substitutions alter the proton-conducting activity of SiiAB
Encouraged by the anticipated structural similarities between SiiAB and MotAB and ExbBD, we previously suggested that SiiAB resembles a proton-conducting channel in the IM [10] . In order to test this proposed function of SiiAB, we established an assay that allows assessing the impact of SiiAB onto the intracellular pH of living bacteria, as previously demonstrated for MotAB [33] . For that, a pH-sensing GFP variant, namely R-pHluorin-M153R, was co-produced with either SiiAB or MotAB [34] . Co-production of either complexes led to a significantly more acidic cytosolic pH, which argues for the occurrence of a functional proton influx through both proton channels (Fig. 8c) .
Consistent with the proposed crucial role of a transmembrane aspartate in proton conductance [10, 11] , the acidification of the cytoplasm was strongly impeded when either the mutant complexes MotA-MotB-D33N or SiiA-D13N-SiiB were expressed (Fig. 8c) . At the same time, WT and mutant SiiA proteins showed equal expression levels as detected by
Western blot (Fig. S5) .
In a similar set of experiments, we measured the intracellular pH of Salmonella expressing SiiAB-complexes containing the R162A substitution in the PG-binding domain of
SiiA. Expression of SiiA-R162A-SiiB was controlled again via Western blot (Fig. S5 ).
-12 -Expression of the mutant induced a cytosolic acidification comparable to that observed for WT SiiAB (Fig. 8d) . Thus, no distinction can be made between the behaviour of WT SiiA and SiiA-R162A with regard to cytosolic acidification.
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Discussion
In the present study, we investigated the atomic structure and function of SiiA, a protein that forms a complex with SiiB in the IM [10] . to reduce the cytosolic pH to the same extent as MotAB (Fig. 8c ) [33] . This could be caused by the reduced PG-binding affinity of SiiA at neutral pH. This would also explain why mutant SiiA-R162A, for which we observed an impeded PG binding, behaves quite similar in this assay. Clearly, proton influx at a pH where SiiA binds to PG remains to be analysed. This notwithstanding, our experiments show that Asp13 in SiiA as well as Asp33 in MotB directly imped proton influx. Therefore, mutation of Asp13 in SiiA affects both proton translocation and, as previously shown, invasion of polarized epithelial cells [10] . These results strongly hint that proton translocation through SiiAB and hence energy derived from the PMF directly contribute to SPI4-mediated adhesion of Salmonella.
We solved the crystal structure of the stably-folded periplasmic domain of SiiA, i.e.
SiiA-PD. Our results show that pH modulates the PG-binding affinity of SiiA, a property so far not observed for other PG-binding proteins. Notably, the binding affinity increases at low pH (Fig. 5) . Taking the oral infection route, Salmonella survive the highly acidic pH in the stomach and are exposed to a rising pH gradient within the gut lumen reaching neutral levels in the ileum and decreasing again to mildly acidic levels in the colon [38] . So Salmonella are exposed to a low pH environment in vivo before it gets neutralized by bicarbonate-containing mucus overlaying the enterocytes [39] . It remains to be determined how the observed pH dependency of SiiA binding to PG translates into the detailed mechanism of the infection process in vivo since to the present day infection experiments on polarized MDCK cells are usually performed at neutral pH [4] .
Our experiments suggest that the segment that links the transmembrane region of SiiA to the stably folded SiiA-PD is intrinsically disordered. Bioinformatics analyses, limited proteolysis experiments and difference CD spectra fail to reveal the presence of any secondary structure elements in this segment. This appears to be different for other members of this family. In MotB, PomB and TolR, this segment is proposed to play an important role -15 -in regulating both the anchoring of the PD domain to the PG layer and in controlling the translocation of ions across the translocation pore [12, 17, 19] . In the inactive form of MotB, a so-called plug helix, contained in the segment that interlinks the transmembrane region of MotB to MotB-PD, is proposed to obstruct the proton-pore and inhibit proton translocation.
Once the MotB-binding partner MotA interacts with the flagellum protein FliG, a structural rearrangement occurs that opens both the channel and induces a conformational change in the linker segment allowing for the attachment of MotB-PD to the PG layer. Overall, highly similar mechanisms have been proposed for how the linker segment controls the PG layer attachment in MotB, PomB and TolR [12, 17, 19, 40] . In these proteins, the function of the linker segment resembles that of a train pantograph. The latter either sits flat on the train roof (PG-domain remaining attached to the IM) or extends and connects the train to the overhead electric line (PG-domain attached to the PG layer).
Our present experiments fail to reveal that the segment that interconnects the transmembrane region of SiiA to the SiiA-PD is able to adopt different conformations.
Moreover, MotB-SiiA chimeric proteins, in which the MotB PEM has been substituted against corresponding segments from SiiA, are not able to rescue flagellum function in the ∆motAB mutant (data not shown). Nevertheless, it appears tempting to speculate that the acidification of the periplasmic space of Salmonella in the gut could provide for a regulatory trigger signal. As a result of the acidification, SiiA-PD attaches to the PG layer, and the 60 residue-long disordered linker segment is forced into an extended conformation that triggers the opening of the proton pore. If this holds true then also in SiiA the linker segment would assume a regulatory role. However, the primary trigger signal for the opening of the SiiAB pore would be the acidification of the periplasm, a mechanism so far not observed in MotB, PomB and TolR (Fig. 9) .
Presently, it still remains unclear how exactly SiiAB contributes to the function of the SPI4-encoded T1SS and ultimately invasion of epithelial cells by Salmonella. Here and in past experiments, it is shown that the participation of SiiA in proton translocation and the ability of SiiA to attach its PD to the PG layer contribute to proper T1SS function. Moreover, the structural and functional similarities observed between SiiAB and MotAB strongly suggest that SiiAB is able to 'tap' into the PMF. It remains to be shown whether this translates into mechanical work, and, if so, how any SiiAB-produced mechanical work contributes to Salmonella infectivity.
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Material and Methods
Protein production
For the production of ppr-SiiA, the siia gene was cloned into a pET15b vector (Novagen, Darmstadt, Germany). The translated gene product consists of an N-terminal hexahistidine tag (MGSSHHHHHH) followed by a thrombin cleavage site (SSGLVPRGSHM) and residues 40 to 210 of SiiA from S. Typhimurium (Uniprot entry H9L4G5, [41] ). The
SiiA-R162A mutant was generated using a 2-stage mutagenesis protocol [42] . Two separate 50 µL PCR mixtures, containing either the forward or the reverse PCR primer listed, were prepared and 7 PCR cycles performed (Table S7 ). Subsequently, 25 µL of each mixture were combined, additional Q5 polymerase (NEB, Frankfurt, Germany) added and 17 additional PCR cycles performed. DpnI (NEB) was added, and the mixture incubated at 37°C for 1 h prior to the transformation into XL10Gold cells (NEB) ( Table S8 ). The correctness of all plasmid constructs generated in this study was confirmed by DNA sequencing.
Additional mutant variants were generated with the oligonucleotides listed in Table S7 and using a protocol that adhered to the manufacturer's instructions of the Q5 SDM kit The production of seleno-methionine (SeMet)-labelled ppr-SiiA was accomplished using the protocol of Studier et al. [43] . The transformed BL21(DE3) cells were grown overnight in PAG media supplemented with 100 µg/mL ampicillin [43] . This preculture was then diluted into the auto-inducing PSAM 5052 medium and supplemented with 100 µg/mL carbenicillin [43] . The cells were grown for 3.5 days at 20°C before harvesting by centrifugation. SeMet-labelled SiiA protein isolation and purification was carried out as 
Proteolysis with thermolysin
In order to investigate the domain structure of ppr-SiiA and to identify alternative SiiA fragments for crystallization trials, we incubated a purified ppr-SiiA sample over a period of 2 days at 20°C with limited amounts of thermolysin (Hampton Research, Aliso Viejo, USA;
1 µg thermolysin per mg SiiA). The formation of proteolytic degradation products was monitored by retrieving aliquots at fixed time intervals and analysing the aliquots with SDS-PAGE.
-18 -For preparative production of WT and mutant SiiA-PD (either SeMet-labelled or not), thermolysin was added to ppr-SiiA (1 µg thermolysin per mg SiiA) after the initial His-tag affinity chromatography step in a 20 mM Tris-HCl pH 7.5 buffer. The thermolysin-SiiA mixture was incubated for 1.5 hour on ice. Proteolysis was stopped by adding 10 mM EDTA.
The resulting protein fragment was purified using a DEAE-sepharose column (GE Healthcare). Elution from the column was accomplished with a linear gradient ranging from 0 to 500 mM NaCl in a buffer containing 20 mM Tris-HCl pH 7.4 and 10 mM EDTA. The final purification step consisted of a size exclusion chromatography (Superdex 75 16 600 column, GE Healthcare) and using the same buffer as above but without NaCl. SiiA-PD was then concentrated to 20 mg/mL and stored at -80°C for later usage.
CD measurements
The secondary structure composition of the different protein variants was analyzed via CD spectroscopy, using a Jasco J-815 CD spectropolarimeter (Jasco, Gross-Umstadt, Germany). Prior to the recording of the CD signal, the protein variants were dialyzed against buffers consisting of 10 mM potassium phosphate with different pH values, namely pH 5.8, For further analysis of the CD signal, the mean residue ellipticity was calculated [44] .
Thermal denaturation analysis was performed in a 1 cm cuvette with a protein concentration of 0.7 µM. The CD signal was recorded at a single wavelength, namely at 222 nm, and the temperature increased from 20 to 100°C at a rate of 1°C per min.
Protein crystallization and crystal structure determination
SeMet-labelled SiiA-PD was crystallized using the hanging drop method [45] . The [46] . The structure of SiiA-PD was solved using the multi-wavelength anomalous dispersion (MAD) method [45] . A complete MAD dataset was collected from a single triclinic SeMet-labelled SiiA-PD crystal at beamline BL14.2, and the data processed with XDS and XDSAPP [47, 48] . Table 1 .
Bioinformatics analyses
A monomeric chain of SiiA was used with the DALI server to identify protein structures that are homologous to SiiA [29] . The identified structures were ranked based on Z-scores. Crystal structures with a Z-score > 8.9 were chosen for a structure-based sequence alignment. The structures were aligned with the MATCHMAKER program in CHIMERA [30, 31] . The sequence conservation mapping was performed with the full-length proteins and the MULTIALIGN VIEWER in CHIMERA [30, 31] .
The electrostatic surface representation was generated via the APBS-PDB2PQR-server version 2.1.1 with default settings (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) [55] . The -20 -PDB2PQR settings included the use of the PARSE-force field [56] , the treatment of the Nand C-terminus as neutral and a pH of 7.0.
Rmsd values between monomers and dimers were calculated with LSQKAP [57] .
Changes in solvent-accessible surface areas were calculated with the PISA-server [58] . All structure illustrations were drawn with program chimera [30] .
Peptidoglycan (PG) isolation
The isolation of PG from S. Typhimurium was performed according to a protocol adapted from Glauner (1988) [59] . In short, bacteria were grown in LB medium (Carl Roth)
to mid-exponential log phase (OD 600 of 0.6-0. and boiled for 15 min in a bain-marie. This solution was cooled down to RT and centrifuged at 108,000 x g at RT for 45 min. The pellet was washed five times to remove any SDS traces.
The isolated PG was dried in a SpeedVac (Thermo Scientific, Osterode, Germany) and stored at -20°C until further usage.
Generation of siiA mutant alleles
Site-directed mutagenesis of low copy number vector p3187 harbouring siiA::HA under control of P siiA was performed by using the Q5 SDM kit according to the manufacturer instructions (NEB) (Table S9) , with oligonucleotides (IDT, Munich, Germany) listed Table   S7 . The resulting plasmids were confirmed by DNA sequencing and introduced in S. Typhimurium strain MvP771 (∆siiA::FRT, Table S8 ).
In-vitro PG-binding assays
For in vitro binding assays, the proteins SiiA-PD, SiiA-R162A-PD, SiiA-R167L-PD, SiiA-S197E-PD and MotB-PD were dialyzed against buffer A (10 mM potassium phosphate pH 5.8) and/or buffer B (10 mM potassium phosphate 8.0). After buffer exchange, the protein variants were centrifuged at 16,100 x g for 15 min at 4°C in order to remove any precipitate. For analyses of PG binding in S. Typhimurium cells, assays were performed basically as described by Mizuno (1979) [60] (Table S8) as described before, and the amounts of internalized Salmonella were determined 1 h after infection [10] .
Isolated PG from
Measurement of intracellular pH
Plasmids were constructed using assembly cloning of PCR products [61] . All primers used for PCR are listed in Table S7 . For the cloning of plasmids that allow co-expression of siiAB, siiA-D13N-B or motAB with pHluorin, pTAC-MAT-Tag-2 (Sigma-Aldrich) was PCRamplified with primers pTAC-Gbs-for/rev (Table S9) . As inserts, a tetracycline-inducible promoter was amplified from pWRG603 with primers TetR-Gbs-for/rev [10] . A codonoptimized version of R-pHluorin-M153R was synthesized (IDT) and amplified with primers R-pHluorin-tetR-Gbs-for/R-pHluorin-pTAC-Gbs-rev, and siiAB, motAB or siiA-D13N-B from S. Typhimurium genomic DNA or pWRG648 using primer pairs pTAC-SiiA-Gbsfor/SiiB462-tetR-Gbs-rev or pTAC-MotA-Gbs-for/MotB-pTAC-Gbs-rev [10, 34] . Plasmids containing further site-specific mutations in siiA (R162A) and motB (D33N) were generated by assembly cloning using primers listed in Table S7 .
Overnight cultures of strains carrying pHluorin constructs were reinoculated at an OD 600 of 0.15 in fresh LB broth containing 50 µg/mL carbenicillin (Carl Roth) and grown with aeration for 3.5 h at 37°C. Expression of siiAB or motAB together with R-pHluorin-M153R was induced after 2 h with 10 mM IPTG and 50 ng/mL anhydrotetracycline hydrochloride (Sigma-Aldrich). One mL of the suspension was centrifuged (8,000 x g, 5 min.), washed once with 1 mL 100 mM phosphate buffer pH 6.0 and finally resuspended in 500 µL of the same buffer. After 10-fold dilution fluorescence was determined with excitation at 410 and 470 nm and emission at 509 nm in a black 96-well plate (Nunc Thermo Fisher, Karlsruhe, Germany) using an Infinite M1000 plate reader (Tecan, Männedorf, Switzerland). The 410/470 nm excitation ratio was used to calculate the pH based on calibration curves. Calibration curves were generated with R-pHluorin-M153R expressing bacteria which were washed and resuspended in phosphate buffers of different pH ranging 
Western blot
Bacterial cells were grown and siiAB expression was induced as described for intracellular pH measurements. An aliquot of the bacterial suspension was centrifuged 
Accession numbers
Coordinates and structure factor amplitudes have been deposited with the protein data bank with accession number: 6QVP Tables   Table 1 a Numbers in parentheses indicate the number of aligned/overall residues. b The proteins are ranked according to their Z-scores.
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